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ABSTRACT
Hyper-variable octameric oligonucleotide fingerprints (HOOFs) enable typing of Brucella spp. by
targeting the 8-bp tandem repeat in eight loci that vary in number (variable number tandem repeats;
VNTRs). Brucella is one of the most important zoonotic pathogens, because of its public health and
economic consequences. To assess the role of HOOFs as epidemiological markers for Brucella melitensis,
which is the main species involved in human brucellosis in Spain, 87 sporadic and outbreak isolates
were investigated; these originated from broad or more restricted geographical locations, including
unrelated (n = 42), semi-related (n = 19) and closely related (n = 26) groups of isolates. Distinct HOOFs
were detected in the entire (n = 74), unrelated (n = 42), semi-related (n = 19) and closely related (n = 13)
groups. Seven of the eight VNTR markers investigated identified multiple alleles in the four groups of
isolates. Using the composite data for eight VNTRs, a diversity value of 0.98 was calculated for the entire
population, taking into account single- and double-locus variants. A high correlation (R = 0.98) between
the maximum copy number and the number of alleles was observed. The most polymorphic markers
were VNTR-1, VNTR-4, VNTR-5 and VNTR-7 (D ‡ 0.8). Characterisation of B. melitensis isolates by
HOOFs enabled the recognition of related human cases and the exchange of molecular epidemiological
information concerning a spreading clone, thus improving brucellosis surveillance.
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INTRODUCTION
Brucella spp. are major zoonotic pathogens
responsible for a chronic debilitating disease in
humans, with non-specific systemic influenza-like
symptoms that localise in multiple organ systems
and cause severe manifestations, including oste-
oarticular disease, hepatitis and endocarditis
[1–3]. The most frequent routes of acquisition for
humans involve the consumption of unpasteur-
ised contaminated dairy products or the inhala-
tion of infected aerosol particles [3,4]. Brucellosis
is considered to be an occupational disease for
workers in contact with farm animals and for
laboratory personnel. This organism has also been
implicated as a possible agent of bioterrorism
[5–8].
Brucella causes considerable human morbidity
in endemic areas worldwide, as well as economic
losses in animal husbandry. Spain, in common
with other Mediterranean countries, is not offi-
cially brucellosis-free [2,7], but the incidence in
humans has declined steadily during the last
4 years [9,10]. The incidence of brucellosis was
1.5 cases ⁄ 100 000 inhabitants in 2004 (595 human
cases). Major foci, involving 31.1%, 18.3% and
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14.7% of brucellosis cases (185, 109 and 88 cases,
respectively), were located in Andalucı´a, Ex-
tremadura and Castilla La Mancha autonomous
region [10]. However, the true incidence of bru-
cellosis could be even higher, as subjects with
active brucellosis do not always show symptoms
of illness [11].
The high homogeneity revealed in DNA–DNA
hybridisation experiments, as well as in the 16S
rRNA gene, has led to the suggestion that the
genus Brucella comprises a single species, Brucella
melitensis [12,13], although this proposal remains
controversial and requires further investigation
using large-scale sequencing studies [14–15].
However, the apparent lack of genetic poly-
morphism [16,17] has restricted the development
of typing methods for epidemiological surveil-
lance of brucellosis [18]. Fortunately, recent find-
ings have provided new opportunities for
molecular typing [19–21], and the hyper-variable
octameric oligonucleotide fingerprint (HOOF)
technique [22] is a promising tool for character-
ising Brucella isolates.
In order to study human cases of the disease
and to investigate the possible foodborne or
occupational sources of infection, the present
study investigated the use of HOOFs based on
variable number tandem repeats (VNTRs) [23] as
molecular markers for B. melitensis isolates
responsible for human cases of brucellosis in
Spain. To date, this typing method has been
widely applied to study isolates of Brucella abortus
and B. melitensis [24,25]. Sporadic and outbreak
strains collected from human cases of brucellosis
in Spain during a 9-year period were analysed.
The isolates tested were classified into three
groups on the basis of different degrees of
geographical linkage.
MATERIALS AND METHODS
Bacterial strains
Eighty-seven B. melitensis isolates from humans, submitted to
the Bacteriology Department of the National Center of Micro-
biology (CNM), Madrid, Spain, were investigated. These
comprised three groups of isolates: (i) a geographically
unrelated group comprising 42 isolates from 16 Spanish
provinces during 1997–2005; (ii) a geographically semi-related
group comprising 19 isolates from the province of Co´rdoba,
Andalucı´a, during 1999–2001; and (iii) a geographically closely
related group comprising 26 isolates collected mainly from a
more restricted geographical area surrounding rural villages in
Coria, in the province of Caceres (Extremadura), during 2004–
2005. Only one isolate per patient was included in the study.
B. abortus B19, B. melitensis REV1 and B. melitensis 16M, as well
as Brucella suis, Brucella ovis and Brucella canis strains from the
CNM collection, were included as control strains. Species
identification by PCR, based on the different localisation of the
IS711 genetic element in the Brucella chromosome, yielded a
731-bp amplicon for strains of B. melitensis [26].
VNTR-PCR and sequencing of amplified products
PCR assays were performed as described by Bricker et al. [22],
using primers without fluorescent dyes for amplification and
sequencing. DNA was obtained by resuspension of bacteria in
1 mL of distilled water, heat inactivation at 100C for 20 min,
and subsequent centrifugation to remove cellular debris.
Amplification was performed using PureTaq Ready-To-Go
PCR Beads (Amersham Biosciences, Chalfont St Giles, UK)
with 0.25 lM each primer. PCR conditions comprised 94C for
2 min, followed by 32 cycles of 94C for 15 s, 55C for 20 s and
72C for 90 s, with a final extension at 72C for 5 min. PCR
products (5 lL) were analysed by electrophoresis in MS-8
agarose (Pronadisa, Conda, Madrid, Spain) 3% w ⁄v gels at
90 V for 1 h. A 50-bp DNA ladder (Amersham Biosciences)
was used to provide molecular size standards.
The number of repeats of the sequence AGGGCAGT,
located at eight loci in the genome, was determined by
sequencing and by generating strain-specific fingerprints. PCR
products were purified with a GFX PCR DNA and Gel Band
Purification Kit (Amersham Biosciences). DNA sequencing
was performed using the ABI Prism Big Dye Terminator Kit in
conjunction with an ABI Prism 377 sequencer (Applied
Biosystems, Foster City, CA, USA).
Statistical and phylogenetic analyses
Alleles were defined at each VNTR locus according to the
number of repeat units found, and a HOOF type (HT) was
assigned to each isolate, based on the combination of the
alleles for VNTRs 1–8. The discriminatory power of each locus
was estimated by the number and range of allele frequencies
(maximum ) minimum number of repeats), and by the diver-
sity index, D = 1 ) (allele frequency) [27], for each of the three
geographical groups, as well as for all 87 isolates studied.
Clustering of the HTs obtained was performed using Bio-
Numerics software (Applied Maths, Sint-Martens-Latem,
Belgium) and UPGMA (unweighted pair-group method using
arithmetic averages) with the categorical option (which
considers character states to be unordered).
RESULTS
VNTR marker diversity
Each B. melitensis isolate yielded a range of ampli-
fied fragments, with sizes of 50–200 bp. In order to
analyse VNTR variability, the number of alleles,
and the range, mode and diversity index were
determined for seven of the eight loci for each
group, and also for the entire population (Table 1).
VNTR-3 was not considered in the analysis,
because it was monomorphic for B. melitensis.
VNTR-1, VNTR-4, VNTR-5 and VNTR-7 showed
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the highest number of alleles in the different
groups (Fig. 1). Allele distributions for VNTR-5
and VNTR-7 are shown in Fig. 2. A high correla-
tion (R) value of 0.98 was found between the
maximum copy number and the number of alleles
observed in the unrelated group (n = 42) and in
the entire population (n = 87) for the eight VNTRs
considered using the HOOF technique. When
individual HTs were considered for each isolate
in the entire population, the diversity reached a
value of 0.987 for the composite data from the
eight VNTRs, while the typeability was equal to 1.
Genetic relationships among isolates based on
VNTR analysis
When UPGMA clustering was used to assess the
genetic relationships among the 74 different HTs
obtained for 87 isolates from humans, 42, 19 and
13 HTs were identified in the geographically
unrelated, semi-related and closely related
groups, respectively. Four genogroups (A, B, C
and D) and three subgroups (B1–B3) were
defined, based on similarities of <25% and
‡30%, respectively, with similarity scores ranging
from 22% to 100% (Fig. S1; see Supplementary
material). Several B. melitensis human isolates
with similar HTs (£2 alleles different among the
eight VNTRs) were grouped in genogroups A, B1,
B2 and C. These single-locus variants (SLVs) and
Table 1. Hyper-variable octameric oligonucleotide finger-
print (HOOF) variable number tandem repeat (VNTR)
characteristics among human Brucella melitensis isolates,
including single-locus variants (SLVs) and double-locus
variants (DLVs) for each locus and geographical group
Group ⁄ VNTRsa
Unrelated
(n = 42)
Semi-related
(n = 19)
Closely related
(n = 26)
Total
(n = 87)
VNTR-1
No. of alleles 10, 2 DLV 8 4, 1 SLV 10
Range 2–12 3–12 4–9 2–12
Mode 8 7 9 9
D 0.80 0.83 0.33 0.84
VNTR-2
No. of alleles 5, 1 DLV 5 5 5
Range 2–6 2–6 2–6 2–6
Mode 4 4 4 4
D 0.62 0.66 0.28 0.57
VNTR-4
No. of alleles 11 8, 1 SLV 4, 1 SLV, 1 DLV 14
Range 1–14 3–17 3–15 1–17
Mode 6 8 6 6
D 0.85 0.76 0.45 0.75
VNTR-5
No. of alleles 14, 1 DLV 8, 1 SLV 6 14
Range 2–16 4–13 4–12 2–16
Mode 8 6 ⁄ 7 6 6
D 0.89 0.82 0.47 0.81
VNTR-6
No. of alleles 7 4 5 7
Range 1–10 2–6 1–6 1–10
Mode 4 6 5 5
D 0.76 0.62 0.29 0.81
VNTR-7
No. of alleles 13 9, 1 SLV 4, 1 DLV 13
Range 3–15 3–12 4–7 3–15
Mode 3 ⁄ 6 ⁄ 8 11 4 4
D 0.89 0.84 0.28 0.86
VNTR-8
No. of alleles 5 5 4, 2 SLV 5
Range 2–6 2–6 2–5 2–6
Mode 2 2 3 2
D 0.48 0.71 0.37 0.54
D, marker diversity.
aVNTR-3 was not analysed, as it showed an absence of polymorphism in
B. melitensis.
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Fig. 1. Number of alleles and allelic diversity detected at
eight Brucella melitensis variable number tandem repeats
(VNTR) loci. Filled diamonds indicate Nei’s diversity
index (D) analysed across 42 hyper-variable octameric
oligonucleotide fingerprint (HOOF) types corresponding
to the geographically unrelated group.
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Fig. 2. Allele distributions (number of repeats) of the
variable number tandem repeat (VNTR) loci with the
highest diversity, i.e., VNTR-5 (upper) and VNTR-7
(lower).
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double-locus variants (DLVs) represented 33.3%,
40.7%, 87.5% and 10% of these genogroups,
respectively. Among the SLVs and DLVs, two
were geographically unrelated isolates, ten were
semi-related isolates, and 21 were closely related
isolates. B. melitensis 16M and B. melitensis REV1
were both located in major genogroup B (Fig. S1),
while B. abortus B19 and the CNM control strains
of B. suis, B. ovis and B. canis were located outside
the above genogroups (data not shown).
Use of HOOFs for discriminating outbreak
isolates from sporadic cases
In the geographically unrelated group, the 42
isolates displayed 40 different HTs with ‡three
differences in the number of repeat copies; two
isolates recovered from two patients from the
province of Huelva were DLVs with VNTR-1,2
variations.
In the geographically semi-related group, 12
isolates showed unique HTs, while seven isolates
displayed similar HTs; of these, five were SLVs
with changes in VNTR-4 or VNTR-7, and two
were DLVs with changes in VNTR-7 and VNTR-8.
In the geographically closely relatedB. melitensis
group, similarity within HTs was increased,
with a high genetic similarity coefficient (‡90%).
Similar HTswere identified among isolates collect-
ed from 20 patients (Fig. S1). The main profiles
within these HTs were: HT-o1 (9,4,1,6,6,5,4,3) in
ten isolates; HT-o2 (9,4,1,6,6,5,4,2) in four isolates;
and HT-o3 (9,4,1,7,6,5,4,2) in two isolates. Four
isolates displayed other HTs with at least two
differences in comparison with HT-o1: (i) a
decrease of five repeat units, VNTR-1()5u); (ii)
an increase of one repeat unit, VNTR-8 (+1); (iii)
VNTR-7(+1u), 8()1u); and (iv) VNTR-5()1u) and
VNTR-3()2u). Investigation of the clinical charts of
the patients from whom isolates with these highly
similar HTs were obtained revealed that all were
involved in a single outbreak in Coria (Cace´res), in
which brucellosis was acquired following the
consumption of goat cheese.
DISCUSSION
Brucellosis remains one of the most important
zoonoses in Spain [9,10]. This is also the case in
other EU and Mediterranean countries, in the
USA, and in Central and South American coun-
tries [5,11,28–30]. Between 2000 and 2004, 4197
cases of human brucellosis were notified in
different Spanish regions, with the identification
of 109 outbreaks [10]. The special efforts made to
decrease animal and human Brucella infections
resulted in a 52% decrease in human cases in 2004
compared with 2000. However, several foci of the
disease are still apparent in Andalucı´a, Extrema-
dura and Castilla La Mancha autonomous com-
munities [9,10,31], which are areas that have a
high number of husbandry farms. The main
reasons favouring persistence of an endemic
brucellosis situation in many countries include
the uncontrolled movement of animals, an ab-
sence of veterinary advice, contact with infected
farm animals, ingestion of raw milk derivatives,
and international travel [4,20].
Unlike the USA, where B. abortus is mainly
responsible for cases of human brucellosis [29],
B. melitensis is responsible for 97.5% of notified
cases of human infection in Spain [10] and other
EU and Mediterranean countries [32,33]. This has
been linked to the presence of an infected ovi-
caprine population [10,28,34] in areas with a high
incidence of human brucellosis [28,35]. The pri-
mary objectives of human brucellosis surveillance
are to identify new human infections and to
determine whether infections are of foodborne or
occupational origin [20].
Molecular characterisation of microorganisms
based on the analysis of tandem repeat sequences
has revealed extensive length polymorphisms,
even in bacteria that are thought to be genetically
homogeneous [36–38]. HOOFs have been shown to
be capable of differentiating Brucella isolates by the
identification of variability in the 8-bp tandem
repeat [22]. Multilocus characterisation using PCR
has been demonstrated to discriminate between
isolates of B. abortus [22,24] and B. melitensis
[22,25]. The present study reduced the manipula-
tion of Brucella isolates to a minimum by using a
boiling method to extract DNA, and amplicons
were resolved by conventional agarose gel elec-
trophoresis rather than capillary electrophoresis.
This is the first time that HOOFs have been used to
analyse a large collection of human B. melitensis
isolates with different epidemiological character-
istics. Using seven VNTR loci, the diversity coef-
ficient for HOOFs reached a high value of 0.98; this
slightly decreased to 0.95 when SLV and DLVHTs
were considered to belong to the same clone.
The loci with the highest diversity index (‡0.8)
were VNTR-5, VNTR-7, VNTR-4 and VNTR-1,
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both in the geographically unrelated group and in
the entire population. If the efficacy of a specific
VNTR locus is linked to the number of repetitive
copies, VNTR-5, VNTR-7, VNTR-4 and VNTR-1
are effective tools for studying isolates from a
single country, as they yielded the maximum
number of alleles (16–12 repeats). Therefore, in
specific situations, amplification and sequencing
could be reduced to VNTR-1, VNTR-4, VNTR-5
and VNTR-7 in order to obtain preliminary typing
results.
In the present study, isolates in the geograph-
ically unrelated group were allocated to all
phylogenetic genogroups, the geographically
semi-related isolates were not found in genogroup
C, and 80.7% of the closely related isolates
collected in a geographically restricted area were
allocated to cluster B2 (Fig. 1). Accordingly, HTs
with at least two differences (similarity range
65–100%) can be considered to belong to the same
clone. Most cases of brucellosis in the geograph-
ically unrelated group were sporadic, with the
identification of 40 HTs. The only exception
involved two patients from Madrid in 2003 whose
isolates were DLVs, with changes in VNTRs
2()1u) and 5()1u). The cases in the geographically
semi-related group included ten sporadic cases
and nine cases that could be linked within four
outbreaks involving occupational acquisition. An
outbreak was also suspected for the isolates from
20 patients, grouped in the geographically closely
related group, that displayed similar HTs
(Fig. S1). The first profile detected was HT-o1 (9,
4, 1, 6, 6, 5, 4, 3), which was identified in isolates
from ten patients during a 42-day period. During
the same period, isolates from ten other patients
showed six similar HTs (SLVs, DLVs), with one or
two changes in VNTR-1, VNTR-3, VNTR-4,
VNTR-5, VNTR-7 and VNTR-8, compared with
HT-o1. The source of brucellosis was linked to the
consumption of unpasteurised cheese.
Based on the findings for the semi-related and
closely related groups, VNTRs used in the HOOF
technique appear to offer a promising approach
for the characterisation of B. melitensis isolates,
thereby enabling the detection of related cases
among humans and the identification of the
source of infection, i.e., foodborne or occupa-
tional. New VNTRs have recently been described
for identification and typing [38,39], and may
provide new opportunities for surveillance of
animal and human brucellosis. However, not all
VNTRs are equally effective for characterising
B. melitensis, with three of 13 VNTRs having a
diversity index ‡0.80, while HOOFs authenticated
six of seven VNTRs [38].
In conclusion, the greater diversity and higher
mutation rates of the VNTRs used in this study
allow high-resolution analysis of epidemics,
regardless of the level of the epidemiological link.
The recognition, management and control of an
epidemic ⁄ outbreak of human brucellosis can be
improved by the use of a safe, rapid and repro-
ducible typing technique, such as HOOF analysis.
The numerical profiles assigned to each clone can
be exchanged among laboratories in order to
characterise and trace the strains involved in
outbreaks. Targeting of the octameric sequence in
seven of the eight loci of B. melitensis defined by
HOOFs should enable the improvement of bru-
cellosis surveillance and control programmes
focused on safeguarding public health.
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